Accepted by the Astronomical Journal 

Preprint typeset using LSTgX style emulateapj v. 08/22/09 



THE HOMOGENEOUS PROPERTIES OF Ha-SELECTED GALAXIES AT (0.05 < Z < 0.15) 
Willy D. Kranz 1a , Kim-VyH. Tran 1 - 2 , Lea Giordano 1 , and Amelie Saintonge 1 

Accepted by the Astronomical Journal 



o 

(N 
3 



o 

u 

43 
6 



oo 

(N 

O 
O 



ABSTRACT 

We show that the Ha line (6563A) alone is an extremely effective criterion for identifying galaxies that 
are uniform in color (red), luminosity-weighted age (old), and morphology (bulge-dominated). By combining 
the Sloan Digital Sky Survey (Data Release 6) with the New York University Value-Added Galaxy Catalog, 
we have photometric and spectroscopic indices for over 180,000 galaxies at (0.05 < z < 0.15). We separate 
the galaxies into three samples: 1) galaxies with Ha equivalent width < OA (i.e. no emission); 2) galaxies 
with morphological Sersic index n > 2 (bulge-dominated); and 3) galaxies with n > 2 that are also red in 
(g' — r 1 ). We find that the Ha-selected galaxies consistently have the smallest color scatter: for example, at 
z ~ 0.05 the intrinsic scatter in apparent (g 1 - r') for the Ha sample is only 0.0287 ± 0.0007 compared to 
0.0682 ± 0.0014 for the Sersic sample. Applying a color-cut to the n > 2 sample does decrease the color scatter 
to 0.0313 ±0.0007, but there remains a measurable fraction of star-forming and/or AGN galaxies (up to 9.3%). 
All of the EW(Ha)< OA galaxies have n > 2, i.e. they are bulge-dominated systems. The spectra for the three 
samples confirm that the Ha-selected galaxies have the highest D4000 values and are, on average, nearly twice 
as old as the Sersic-selected samples. With the advent of multi-object near-infrared spectrographs, Ha alone 
can be used to reliably isolate truly quiescent galaxies dominated by evolved stellar populations at any epoch 
from z ~ up to z ~ 2, 

Subject headings: galaxies: evolution — galaxies: fundamental parameters — galaxies: statistics 



1. INTRODUCTION 

Early-type galaxies are observed to follow well-defined 
scaling relations across a wide range in luminosity and mass, 
e.g. they span a narrow range in (red) color across four 
magnitudes of luminosity in the local universe dBau 
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Visvanath an & Sandagdl 19771 ISandage & Visvanathai 
Bower et afll 19921) . Because the shallow slope in their color- 
magnitude (CM) relat ion is due pr i marily to changes in metal- 
licity rather than age dFaberill973)lKodama & ArimotolfT997t 
iGallazzi et all200a iGraves et alj2007ll2009l) . their tight CM 
relation means that early-type galaxies at z ~ are a uni- 
formly old population. However, we have yet to fully under- 
stand how these deceptively simple galaxies assembled. 

How the red (quiescent) sequence, as typically defined 
by early-type galaxies, is populated places strong con- 
strain t s on galaxy formation models (Kodama & Arimoto 
1997] iBell et al.l |2004bt iBower et al.1 120061: iDe Lucia et all 
2007t iFont et al\ 120081) . For example, the number density 



of red sequence galaxies, i.e. their luminosity function, and 
how it evolves is critical for understanding how quickly gas 
cools to form stars in halos as a function of halo mass 
dRees & Ostrikerl [l977l) . In the observation a lly supported pic- 
ture of "down-sizin g' ' dCowieetalJl!996t iTran et al.l [2003; 
iKodama et al.l 120041: iThomas et al.1 120051) where star forma- 
tion history is driven by mass, the faint end of the red se- 
quence should become less populated and weaker at higher 
redshift, yet studies conflict as to whether the number of 
faint r ed galaxies in clusters decreases with inc r easing red- 
shift dDe Lucia et alj|2007t ICrawford et al.ll2009h . lEllis et all 
d 19971) and lMei et all d2009a) also find in their cluster sample 
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that the CM relation as defined by E/S0 members does not 
change up to z ~ 1 . 

The observed properties of these quiescent galaxies are 
also important for i mprov ing stellar population models, e.g. 
iBruzual & Chariot! ((2003), because they also tend to be the 
oldest galaxies. Their ages must be consistent with the age 
of the universe at a given redshift, and their ages are deter- 
mined primarily from observed colors and spectral indices. 
However, the stellar synthesis models used today to repro- 
duce these observed properties have significant uncertainties 
dCharlot et al.| [l996). Thus in order to use the oldest galax- 
ies to m easure, e.g. how the Hubble constant evolves with 
redshift dStern et al.l 12009b . we need to better calibrate the 
stellar synthesis models such that the colors and spectral in- 
dices from models match the observed properties of the oldest 
galaxies at any redshift, particularly at < z < 2. 

Part of the problem is how to identify a galaxy popula- 
tion with uniformly old stellar ages at any epoch. Most 
studies use morphology, e.g. visually classified elliptical 
and SO galaxies, or Sersic index n as a proxy for mor- 
pholo g y dHogg et al.lf2004t IBell et al.ll2004at | McIntosh et al.1 
l200l iCassata et aU l2005t iMei et al.l I2009bl)~ However, 
there is a popula tion of blue, star-forming galaxies that are 
bulge-dominated dMenanteau et al.ll200 It ICas sata et al .1 120051: 
iLintott et ai] l2008t ISchawinski et all 120091) . thus earlv-tvpe 
galaxies cannot be considered to be exclusively passive, old 
systems. Also, morphologically classifying galaxies at higher 
redshifts is challenging, i.e. an imaging resolu tion of < 0.1" 



is req uired to reliably identify E/S0 galaxies (Postman et al 



2005) or measure Sersic indices at z > 0.3 dLa Barbera et al 
20021) . In particular, measuring Sersic indices for fainter 
objects is difficult because fitting surface brightness pro- 
files is highly dependent on the image's signal-to-noise ra- 
tio. Alternatively, studies have used galaxy color to separate 
the red sequence from the active galaxies in the blue cloud 
dBaldrv et a l. 2004b a), but dust can artificially redden a star- 
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forming galaxy such that it falls on the red sequence, e.g. 
IWolf et al] d2005l) . and most post-starburst galaxies lie on or 
near t he red sequence even though they oft en have Ha emis- 
sion (lOuintero et al.ll2004lTran et al.ll2004l) . 

One promising solution for identifying the truly quiescent 
galaxies that define the red sequence is to use spectral indices. 
In particular, Ha has been shown to be a reliable optical tracer 
of a galaxy's cu rrent star formation dKennicutt & Kenllll983h 
lKennicuttl ll998) and thus can be used to identify and exclude 
active galaxies; Ha has the added benefit of not being depen- 
dent on image resolution, although the assu mption is that Ha 
is i ntegrated over the en tire galaxy. Both lYan et al.l (2006) 
and IGraves et al] d2009t) use Ha and [OII]A3727 to select 
quiescent ga laxies at 0.04 < z < .1 from the Sloan Digital 
Sky Survey ( Stoug hton et alj | 2002|) , and they confirmed that 
these galaxies define a narrow red sequence. At higher red- 
shift, iTran et ail (l2007h also showed that quiescent galaxies 
(selected using [Oil]) in MS 1054-03, a massive galaxy clus- 
ter at z = 0.83, define as narrow a range in colo r as the ellipti- 
cal ga laxies identified with HST/ACS imaging (Postman et al. 
2005). We note that there is no physical reason to assume that 
absorption-line galaxies should have the same tight color dis- 
tribution, i.e. uniformity in average stellar age, as ellipticals. 

Motivated by these encouraging results, we test here Ha's 
effectiveness at identifying a uniformly aged population 
of galaxies across a range of luminosity (mass). While 
[OII]A3727 is used in most surveys to identify active galax- 
ies at z < 1.5, [Oil] is kno wn to be an unreliable tracer of 
ongoing star formation (e.g. Moustaka s et al.l 120061) . While 
more robust than [Oil], Ha has yet to be widely used to iden- 
tify passive galaxies because it shifts to near-infrared wave- 
lengths at z > 0.4; however, with the recent development near- 
infrared multi-object spectrographs, Ha can now be measured 
in galaxies up to z ~ 2. The goal of our study is to lay the 
groundwork for using the Ha criterion to identify the oldest 
galaxies across a wide range in redshift, i.e. at z > 0.4, and 
thus enable us to better trace how the red sequence is popu- 
lated as a function of redshift. 

We mine the Sloan Digital Sky Survey Data Release 6 
(SPS S DR6: IStoughton et al .1200211 Adelman-McCarthy etaD 
2008) a nd the NYU Value-A dded Galaxy Catalog (NYU 
VAGC; iBlanton etail [2005b) to select galaxies with Ha 
equivalent widt hs of < O A (absorpti on); we improve on the 
earlier work of lYan et al] d2006l) and IGraves et al.l (120091) by 
extending the redshift range t o consider galaxies at (0.05 < 
z < 0.15). However, unlike Grav es et al.l (12009) who use a 
targeted combination of spectral and morphological criteria 
to isolate red sequence galaxies, we use either only spectral 
or only photometric criteria to define our galaxy samples. We 
compare the Ha-selected sample to galaxies selected by Ser- 
sic index n (morphology) alone as well as to galaxies selected 
by Sersic n and a color cut. By examining the CM relations, 
spectral indices, and derived ages of the three galaxy samples, 
we quantify which has the highest purity where purity is de- 
fined as the exclusion of active (star-forming) galaxies. 

In §|2] we present the data and define our selection criteria 
for the Main and Luminous Galaxy samples. The results for 
the different galaxy samples are in $3] and their relative ef- 
fectiveness is compared in $4] Our conclusions are in §|5] We 
use a concordance cosmology with fio = 0.3, = 0.7, Hq = 
100 h km s" 1 Mpc" 1 , h = 1 throughout this work. 

2. DATA 



We use spectroscopic data from the Sloan Digital Sky Sur- 
vey (SPSS), Data Release 6 (D R6) 4 (IStoughton et all 120021; 
lAdelman-McCarthv et al.l 120081) and photometric data from 
the NYU Value-Added Galaxy Catalog (NYU VAGC) 5 . The 
main galaxy sample of the SPSS PR 6 includes more than 
790,000 galaxy spectra and provides one with a variety of 
measured spectral indices, e.g. the P4000-value (flux ratio of 
the 4000A-brea k) and the equivalent widths (E Ws) of Ha, 
H/3 and [OIII] dAdelman-Mc Carthv et alj|2008l) . The NYU 
VAGC supplements the SPSS measurements with additional 
data that include the galaxy's extinction corrected Petrosian 
magnitude, Sersic index n, and the K-corrected absolute mag- 
nitude. The combined use of both catalogs enables us to ex- 
plore the diversity of these parameters for a statistically large 
number of galaxies. 

2.1. SDSS 
2.1.1. DR6 Galaxy Catalog 

The Sloan Pigital Sky Survey (SPSS) is an optical survey 
using the 2.5 m telescope at the Apache Point Observatory 
in New Mexico . SPSS uses 5 filte r bands for its photom - 
etry: u'g'r'i'z' dFukugita et al.lll996t IStoughton et"atl 120021) . 
The SPSS also includes spectroscopic observations with a 
wavelength range of A = 3800A - 9200A at a resolution of ~ 
2.7 A pixel" 1 . From the SPSS, we use the measured equivalent 
widths (EW) of Ha, H/3, [Nil] A6585 and [OIII] A5007; neg- 
ative EWs denote absorption lines, and the EWs were mea- 
sured after continuum fitting. We also use the strength of 
the 4000A-break (Bruzual 1983]) as measured by the ratio of 
the flux in the 4050A-4250A (red) bandpass to the flux in the 
3750A-3950A (blue) bandpass from the SPSS catalog 6 

2.1.2. NYU Value-Added Galaxy Catalog 

The NYU Value-Added Galaxy Catalog (NYU VAGC) is 
based on the SPSS PR6 catalog and provides a dditional pho- 
tometr ic parameters for galaxies to r' = 18 dBlanton et al] 
2005b). The completeness limit is slightly fa inter than the 
r' = 17.7 stated for PR6 dStrauss et all 120021) because the 
N YU VAGC cor r ects f or extinction using the dust maps 
of ISchlegel et al] (|l998j). It includes Sersic index n (see 
Sersic 1968) and absolute magnitude M in all five filter 
bands (u'g'r'i'z') for nearly all SPSS PR6 galaxies. The K- 
corrected absolute magnitude M in each filter band has been 
computed via 

M f = m f -51og w [D L /10pc]-K f (z), (1) 

where Di is the luminosity distance, / the filter index and 
m the apparent magnitude of filter /. In the catalog, the K- 
corrections Kf(z) were calculated for each galaxy individ- 
ually with Blanton's kcorrect software version v4_l_4 
dBlanton & Roweisll2007T:lHogg et al .1120021) . 

In this work we will use the NYU VAGC's apparent Pet- 
rosian magnitudes in the g' and r 1 bands, its Sersic index n (as 
measured in r 1 imaging), and the absolute magnitude M r * . 

4 |http : / /www . sdss . org/dr 6 /index . html| 

5 |http : / /sdss .physics . nyu . edu/vagc/| 

6 Note that the SDSS catalog lists (1/D4000) values, a nd that the SPSS 
values are measured used broader b andpasses than, e.g. IKauffmann et alj 
1 2003b) and Gonzalez Delgado et al. (2005) who use D„4000. 
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2.2. Main Galaxy Sample 

Our Main Galaxy sample (MG) includes only galaxies with 
0.05 < z < 0.15. The lower redshift limit of z = 0.05 is nec- 
essary to minimize aperture problems due to the 3" diameter 
size of the spectroscopic fibers: at z < 0.05 the SDSS spec- 
tra tend to only include light from the central regions of the 
galaxies. The upper redshift cutoff of z = 0. 15 provides a mag- 
nitude range of at least 1 .5 magnitudes in a complete sample 
even at the higher redshift end. 

To ensure completeness, we u se an r'-band magnitude limit 
of r' < 17.7 dStrauss et al.l2002l) ; this is brighter than the mag- 
nitude lim it in SDSS DR6 (r' < 17.77) and the NYU VAGC 
(r' < 18; Blanto net al.ll200 5b). Our magnitude limit provides 
a reliably complete galaxy sample from the combined cata- 
logs. 

The galaxies in our Main Galaxy sample are required to 
have: 

1 . a signal-to-noise ratio > 3 in the g'- and r'-band pho- 
tometry 

2. a median (S/N) > 5 over the entire spectrum 

3. a measured (S/N) > 2 in the Ha line 

Furthermore, each galaxy must have an absolute Petrosian r'- 
band magnitude M r > brighter than the K-corrected complete- 
ness limit of 

M fiimU = 17.7-5 log I0 [D t /10pc] -K ave (z) (2) 

where Di is the luminosity distance, 17.7 is our applied r' 
magnitude limit, and K ave (z) is the average K-correction de- 
termined using: 

K ave (z)= 1.203 lz- 0.0102 (3) 

The average K-correction shown in Eq. [3] is based on the 
r'-band K-corrections of Ha absorption-line galaxi es in the 
NYU VAGC. Earlier work by lOuintero et all (120041) showed 
that galaxies with Ha absorption have an early-type spec- 
tral energy distribution (SED) and thus there is little scat- 
ter in their r'-band K-correction with redshift in the redshift 
range of our study (0.05 < z < 0. 15). A er-clipped linear least 
squares fit to the Ha absorption-line galaxies gives Eq.[3]with 
a 3a deviation of less than 0.02 mag; note that this relation 
is valid only for passive galaxies which are the focus of our 
study. 

The Main Galaxy sample is split into 20 redshift bins of 
width Az = 0.005. The effects of passive galaxy evolution and 
assuming an early-type SED to determine K-corrections on 
colors and magnitudes are negligible within such narrow red- 
shift bins. Because we compare results of the three different 
selection criteria within each redshift bin, we also minimize 
any bias introduced by the 3" fiber aperture. Each redshift 
bin's limiting absolute Petrosian magnitude is set at the upper 
z value. Table Q] lists the 20 redshift bins with their ranges, 
limiting absolute magnitude, and the number of galaxies that 
meet all our selection criteria. 

2.2.1. MG1: Selecting with Ha 

The Ha spectral line is the most reliabl e tracer of ongo- 
ing star format ion at optical wavelengths (Kennicutt 11998t 
lYan et all 12006): star-forming galaxies have significant Ha 
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FIG. 1 . — The absolute Petrosian magnitude distribution of all NYU Catalog 
galaxies from the DR6 in redshift space (gray contours). The solid curve is 
the completeness limit of the SDSS instrument in the r'-band. The redshift 
dependent cuts in absolute magnitude M r i in each redshift bin of the Main 
Galaxy (MG) sample are represented by the short solid horizontal lines of 
width Az = 0.005. The wider solid line with Az = 0.1 is the adopted M,j 
limit of -21 .0 for the Luminous Galaxy (LG) sample (see TablesfT|&[3). The 
median redshift of the SDSS main galaxy sample is ~ 0. 1 . 

emission, and Ha is not strongly affected by, e.g. dust. How- 
ever, there is no a priori reason why galaxies that do not have 
Ha emission should have similar star formation histories, i.e. 
have uniformly high D4000 indices. We use Ha to separate 
starforming and non-starforming galaxies and define our first 
Main Galaxy sample (MG1) to have galaxies with EW(Ha) < 
OA (Tabled. Depending on the redshift bin, the MG1 sample 
can have up to ~ 5,500 galaxies (Table|4]i. 

Previous studies have used both Ha and [QUI to ide ntify 
quiescent galaxies (lYan et al.ll2006t iGraves et "all 120091) and 
shown that this population forms a tight color-magnitude re- 
lation (CMR). However, [Oil] can be strongly dust-extincted 
and is known to be an unreliable tracer of star formation 
dJansen et al.l 12001b liyloustaka s~et al.ll2006l) . Also, measure- 
ments of [Oil] in galaxies at z < 0.06 with ground-based ob- 
servatories is problematic due to absorption at A < 4000A by 
the Earth's atmosphere. Our goal is to determine whether Ha 
alone can identify a uniformly quiescent galaxy population. 

2.2.2. MG2 & MG3: Selecting with Sersic index & Color 

The Sersic index n is used as a quantitative measure of a 
galaxy's morphology and is determined by fitting the axisym- 
metric surface brightness profile 7(r) = A exp [-(r /rp) 1 /"] to 
a galaxy's surface brightness profile dSersid ll968). Galaxies 
with high Sersic indices (n > 2) tend to be bulge-dominated 
(early-type) systems and those with lower indices (n < 2) to 
be disk-dominated (late-type) systems. However, while Sersic 
index is a useful me a sure of galaxy morp hology dSersicf l968; 
ICassata et al.l |200H iDriver et all l2006t Ivan der Well 2008). 
morphology alone is not a reli able tracer of ongoing star for- 
mation (e.g. ISchawinski et al.ll2009t) . Also, the Sersic index 
n depends strongly on the filter because a galaxy's surface 
brightness profile varies with observed wavelength. 

Multiple studies use morphology and in part icular Ser- 
sic n > 2 to identify red sequence galaxies, e.g. iHogg et all 
(2004). However, this does not provide a pure sample of red 
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sequence galaxies: while the sample features a strong CMR, 
it also includes a large fraction of blue galaxies. F or compari- 
son to our Ha-selected (MG1) sample, we follow [Hogg et al.l 
(2004) and select galaxies using Sersic n > 2 for our second 
Main Galaxy sample (MG2; see Table [2}. We use the Sersic 
index measured in the riband from the NYU VAGC because 
r' is the most sensitive of the SDSS filters. Due to small er- 
rors in the measurement of the local sky level, there is a bias 
of ~ (-0.5) in the computed Sersic index such that a Sersic in- 
dex of n ~ 3.5 is measured for a real de Vaucouleurs surfac e 
brightness profile (Blanto n et al.l2005HlBlanton et al.l2 005a). 
Depending on redshift bin, the MG2 sample includes up to 
~ 12,000 galaxies (Table [5]), i.e. about twice the number of 
galaxies as in MG1. 

For a more refined comparison sample, we apply an addi- 
tional color selection based on the scatter in the CMR of the 
Ha-selected (MG1) sample: our third Main Galaxy (MG3) 
sample thus includes both a selection on morphology (Ser- 
sic n > 2) and color (Table |2|. We use only galaxies with 
color A(g' - r') > (-3eroBsX where (Jobs is the median abso- 
lute deviation (MAD) of the observed color scatter; because 
the color distribution is asymmetric, the MAD is more ap- 
propriate for measuring the color scat ter. A more extensive 
discussion of the color selection is in 33.1.11 The MG3 sam- 
ple has up to ~ 8,000 galaxies in a given redshift bin (Table 

2.3. Luminous Galaxy Sample 

In our analysis, we test the results from the Main Galaxy 
sample by comparing them to a Luminous Galaxy (LG) sam- 
ple where we include all the galaxies at 0.05 < z < 0.15 and 
apply an absolute Petrosian magnitude limit of M,j = -21.0 
(81,323 galaxies; see Fig.Q]). Because the LG sample spans a 
wide redshift range, we use the K-corrected rest-frame mag- 
nitudes and colors from the NYU VAGC. Applying the same 
selection criteria as in the Main Galaxy sample, we have LG1 
(EW Ha < 0), LG2 (Sersic n > 2), and LG3 (« > 2 and color- 
cut). Table[3]lists the criteria for these three samples and how 
many galaxies are in each. 

2.4. Color-Magnitude Relation & Color Scatter 

To determine the color-magnitude (CM) relation in our 
Main and Luminous Galaxy samples, we fit a simple linear 
least-squares to the r' magnitude and (g' — r 1 ) color from the 
NYU VAGC; the fit uses the associated photometric errors. So 
that we are not weighted by outliers, e.g. the blue cloud, we 
iteratively remove 3cr outliers (convergence in typically < 5 
iterations) to determine the best fit to the red sequence. We 
use the median absolute deviation (MAD) to characterize the 
color scatter about the CM relation. In the Main Galaxy (MG) 
samples, we use observed magnitude and color because we do 
not wish to introduce additional measurement error by con- 
verting to rest-frame values. However, because the Luminous 
Galaxy (LG) sample spans a redshift range (0.05 < z < 0.15), 
we use the rest-frame Petrosian values from the NYU VAGC. 

The errors on the slope and intercept of the CM relation 
as well as on the observed color scatter are determined by 
bootstrapping 5000 datasets from the sel ected galaxy sam- 
ple in a given redshift bin (Efronl IT979I) . For each boot- 
strapped dataset, we measure the CM relation as outlined 
above. The distribution of the CM parameters from the boot- 
strapped datasets then give us the 1 a errors on the slope, in- 
tercept, and the observed color scatter about the CM relation. 



Because the observed color scatter is a combination of sta- 
tistical (intrinsic) and systematic (measurement) errors, we 
also find it useful to determine the intrinsic scatter for the dif- 
ferent galaxy samples. To determine the intrinsic scatter in 
color, we do the following: 

1. For each galaxy in the sample with magnitude r' , we 
calculate the predicted (g' — r 1 ) using the CM relation. 

2. Deviations (8) in magnitude and color for the mod- 
eled CM values are added where the random deviation 
is drawn from the associated photometric errors in the 
NYU VAGC, i.e. -Ar' < 5r' < Ar' where Ar' is that 
galaxy's error in magnitude. 

3. A new CM relation and color scatter are determined 
for the modeled galaxy sample; the original associated 
photometric errors for each galaxy are assumed in fit- 
ting the new CM relation. 

We repeat this 5000 times for each galaxy sample, and the 
median value of the distribution for the modeled color scatter 
is subtracted in quadratures from the observed color scatter 
to obtain the intrinsic scatter. The error on the intrinsic scat- 
ter is determined by subtracting in quadratures the 1 a of the 
distribution for the modeled color scatter from the observed 
error. 

3. RESULTS 

3.1. Main Galaxy Sample 

In this section, we separate our Main Galaxy sample 
(0.05 < z < 0.15) into galaxies with Ha absorption (MG1), 
Sersic index n > 2 (MG2), or Sersic index n > 2 and red col- 
ors (MG3), and compare their physical properties. Our results 
are listed for the 20 redshift bins in Tables [4] to [9j However, 
for clarity, we focus on the galaxies in the redshift bin 0.060 
< z < 0.065 in Figures |2] to |7l this redshift bin has a large 
number of galaxies covering a magnitude range of about 3.5 
magnitudes (see TableQ]for the MG sample). 

3.1.1. MG: Color-magnitude relation 

To judge which of our Main Galaxy samples has the most 
homogeneously red galaxy population, we compare their dis- 
tribution on the color-magnitude (CM) diagram. Galaxies 
with uniform ages will have a narrow range in color while 
those with recent or ongoing star formation will populate a 
wide range in color (fDegiola-Eas twood & G rasdalenii fl980l : 
iMerluzzi et al J 120021) . To ensure that we do not add to the 
measurement error by, e.g. converting to rest-frame magni- 
tudes by applying k-corrections, we use apparent colors and 
magnitudes. 

Figure [2] (top panel) shows the color distribution of the 
MG1 sample (0.060 < z < 0.065). We determine the CM rela- 
tion with an iterative er MAD -clipping linear least squares fit (see 
32.41) ; because galaxy color distributions tend to be asymmet- 
ric, we use the median absolute deviation (MAD) in our analy- 
sis rather than assume a Gaussian distribution. The MG1 sam- 
ple has a slope of m = -0.017 ±0.001 (Table!!}, and the slope 
stays essentially constant (approximately m = -0.020 ±0.003) 
in all 20 redshift bins. The normalization of the CM relation 
increases with increasing redshift due to the stretching and 
shifting of the galaxy SED in the observed filters. The er- 
rors associated with fitting the CM relation also increase with 
redshift due to the smaller luminosity range at higher redshift 
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FIG. 2.— The color-magnitude (CM) diagrams of MG1, MG2, and MG3 at 
0.060 < z < 0.065. All of the CM relations are sigma-clipped least squares 
fits to the plotted galaxy populations. The solid line is MGl's (upper panel) 
CM relation (shown in all panels), the long-dashed line the CM relation of 
MG2 (middle panel), and the short-dashed line the CM relation of MG3 (bot- 
tom panel). The dotted line (shown in all panels) is the 3<t bs (MAD) limit of 
MGl's CM relation. The number of galaxies in each subsample is indicated 
in the different panels. 



(see Figure [T]). This is true for all three of our Main Galaxy 
samples. 

MG1 has an observed color scatter of only cr 0BS = 0.0292 ± 
0.0006 (MAD value); here we measure the error for cr OB S us- 
i ng t he bootstrap resampling method (e.g. Efronl [19791: see 
32.41 ). The color scatter is real, i.e. not dominated by noise: 
the intrinsic scatter is esse ntially identical at a^j = 0.0283 ± 
0.0006 (TableH see ^2~4l Because the MG1 sample shows 
such a well-defined red sequence in each redshift bin, we 
will later use its small color scatter to exclude blue galaxies 
[A(g'-r')>-3a B S ]inMG3. 

The MG2 sample is shown in the middle panel of Figure [2] 
and its CM values are listed in Table [5] The CM relation for 
MG2 is identical to that of MG1. However, the MG2 sam- 
ple has a measurably larger observed color scatter of er OBS = 
0.0646 (MAD); this is more than twice the color scatter of 
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FIG. 3. — Color deviation A(g' -r') of MG1 (hatched distribution) and 
MG2 (open) in the redshift range 0.060 < z < 0.065 (see Figureff); we use 
the CM relation defined by MG1 to measure the color deviation for both 
samples. The dotted line is the 3<t bs (MAD) limit from MG1, and we use it 
to exclude bluer galaxies from the MG2 (the Sersic sample) sample to define 
the MG3 sample. Note that for a Gaussian distribution, 2<r ~ 3cr MAD . 

MG1 . MG2's wider range in color is due to a large number of 
blue galaxies: about 35% of the MG2 galaxies lie below the 
color-cut defined by the MG1 sample (dotted line in Figure 

E9. 

The difference in the color distribution between MG1 and 
MG2 are especially striking in Figure[3]which shows the color 
deviation A(g' — r') for both samples. MG1 has a narrow and 
symmetric distribution, and less than 7% of its galaxies have 
A(g'-r') < -3(Jobs- In comparison, 35% of the galaxies in 
MG2 form an extended tail of blue galaxies. 

The color distribution for our third sample, MG3, is shown 
in the lower panel of Figure [2] and its CM values are listed in 
Table The CM relation in MG3 is identical to MG1 and 
MG2, and the observed color scatter of ct obs ~ 0.0319 is only 
slightly larger than in MG1 . 

To summarize, the color scatter in MG2 (Sersic n > 2) is 
significantly higher than in MG1 and MG3; this is true in 
each redshift bin. From the color distributions, it is clear that 
MG1 selects the galaxy sample with the most uniformly red 
and narrowest range in color. The CM relations in the three 
samples are consistent with each other and w ith the slope 
of m = -0.022 measured by Ho gg et alJ (120041) using SDSS 
galaxies with Sersic n > 2. Because we compare the three 
samples in each redshift bin, our results are not affected by 
any bias introduced by the 3" fiber. The fact that the CM re- 
lation does not evolve across our redshift range also indicates 
that aperture bias does not affect our overall results when con- 
sidering the entire redshift range (0.05 < z < 0.15). 

3.1.2. MG: Fraction of Passive Galaxies 

From Tables [4] - [6j we see that the fraction of galaxies in 
each sample varies significantly. The MG1 sample is the most 
restrictive: it contains only 22-37% of the galaxies in each 
redshift bin (see Table HJ. In comparison, both the MG2 and 
MG3 fractions are measurably higher at 51-79% and 32-52%, 
respectively (Tables[5]&|6]). In all three samples, the fraction 
increases with increasing redshift due to the higher luminosity 
limit, i.e. only the most luminous galaxies are in the sample 
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FIG. 4. — Luminosity-weighted stacked spectra (rest-frame) for MGl (top 
panel), MG2 (middle panel), and MG3 (bottom panel) for galaxies at 0.060 < 
Z << 0.065; the spectral lines used for the BPT diagnostic are included. The 
stacked spectrum for MGl shows no emission in any of the noted lines and 
indicates that MGl contains the oldest galaxy population. In contrast, both 
MG2 and MG3 show measurable line emission in Ha. 



at higher redshift and these are predominantly passive systems 
(IFeulner et alJl200l 12006). 

We find that almost all of the galaxies in MGl (> 92%) are 
also in MG2 and MG3, but the reverse is not true: only 43% 
of the galaxies in MG2 have Ha absorption, and 62% in MG3. 
Although MG2 and MG3 have more galaxies than MGl, 
they both include emission-line (active) systems. Luminosity- 
weighted stacked spectra for each sample (Figure @|i confirm 
that MGl does not show any measurable emission and has a 
high D4000 value of 1.73 while both MG2 and MG3 include 
active galaxies with lower D4000 values of 1.54 and 1.71, 
respectively. These results combined with the color analysis 
suggests that the Ha absorption-line criterion may be select- 
ing only the "core" galaxies of the red sequence. 

3.1.3. MG: Star Formation vs. AGN 

Having found that both the MG2 and MG3 samples con- 
tain active galaxies, we examine whether the activity is 
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(n>2) + (colour-out) § 
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log([NII 65i35]/Ha) 

FIG. 5. — The BPT-diagrams of the active galaxies in MG2 (left panel) and 
MG3 (right panel) in the redshift range of 0.060 < z < 0.065 The bl ack solid 
curve represents the separation curve of Kauffmann et al. 1 2003a) and the 
grey dotted curve the separation curve of Kewley eLal. 12001). The squares 
represent purely star-forming (SF) galaxies, the triangles hybrid AGN/SF 
galaxies, and the diamonds AGN dominated galaxies; the galaxy fractions 
for these three categories are in the lower left corner of each panel and are 
calculated with respect to the total galaxy number in each sample. Applying 
the color-cut (MG3) reduces the fraction of active galaxies significantly, but 
there is still measurable contamination. 



due to ongoing star formation or AGN. The spectral range 
of our stacked spectra include Ha, H/3, [Nil], and [OIII]; 
these four lines are often used to separate star-forming 
galaxies from those d ominated by (optically-identified) AGN 
(Baldwin et~aTlll981l) . Note that we only consider the MG2 
and MG3 samples here because the MGl sample, by defini- 
tion, does not have any emission lines (see Fig. |4j. 

Figure shows the BPT dia grams for the MG2 (left panel) 
and MG3 (right panel) samples in the redshift bin (0.060 < 
Z < 0.065). The active galaxi es are separated into three cat- 
egories using the cu rves from iKau ffmann et al. (20033) and 
iKewley et all (1200 ll) : 1) star-forming; 2) AGN; and 3) combi- 
nation of SF/AGN. The SF/AGN galaxies lie between the two 
curves and are neither clearly star-forming nor purely AGN. 
The fractions of galaxies in each category are calculated with 
respect to the total galaxy number N ga i (see Table s [5] & © and 
are listed in Tables [7]& M 

In our lowest redshift bin, 31% and 9% of the galaxies in 
the MG2 and MG3 samples, respectively, are active (Tables [7] 
However, the fraction of active galaxies decreases with 
increasing redshift because the luminosity range in the Main 
Galaxy samples also decreases with increasing redshift (see 
Figure [TJ. The effect is strongest in MG2 where the fraction 
of star-forming galaxies drops from 15% in the lowest red- 
shift bin which has a magnitude limit of M r < -18.5 mags to 
2% in the highest redshift bin with M r < -21.0 mags (Table 
[7]). In comparison, the fraction of AGN in the MG2 sample 
only decreases from 6% to 4%, and the fraction of SF/AGN 
galaxies decreases by nearly half (11% to 6%). These trends 
indicate that the galaxies with AGN are on average brighter 
than those w ith ongoing star-formation (see also Sadl er et alj 
[19991 12001) . 

MG3 has a lower fraction of active galaxies than MG2 be- 
cause the color-cut removes many of the SF and AGN/SF 
galaxies (Fig. & Table [8j. The AGN fraction in MG3 is 
lower than that in MG2 (3.6% vs. 6%; 0.060 < z < 0.065). 
Note that in MG3, the AGN fraction (3.6%) is measurably 
higher than its SF fraction (1%; Table[8]). These results show 
that early-type (« > 2) galaxies with AGN tend to be on the 
red sequence, and that most early-type galaxies with ongoing 
star formation are blue. As an interesting sidenote, we also 
find that the AGN in MG3 are not as red as the MG3 galax- 
ies with EW(Ha)< OA; like lSchawinski et all d2009l) . we find 
early-type galaxies with AGN lie closer to the "green valley". 
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FIG. 6.— The D4000 distribution of MG1 (hatched), MG2 (open), and 
MG3 (diagonal shaded). The average D4000 value of each sample is indi- 
cated by the solid (MG1), dashed (MG2), and dotted (MG3) lines. MG1 has 
the highest average D4000 value and a symmetric distribution. In contrast, 
MG2 and MG3 have extended tails towards lower D4000 values, i.e. they 
both include younger galaxies. 

Further study of these early-types with AGN may place use- 
ful constraints on the link between AGN and the quenching 
of star formation, but such an analysis is beyond the scope of 
this paper. 

3.1.4. MG: D4000 Index & Stellar Age 

The D4000 index increases as a ste llar population ages 
<lBruzuallll98l iKauffmann et alJl2003bh and can be used to 
compare the relative ages of the three Main Galaxy samples. 
Table [9] lists the median D4000 value in each redshift bin for 
MG1, MG2, and MG3, and Figure |6] shows how their D4000 
distributions differ at (0.060 < z < 0.065): MG1 has a nar- 
row, symmetric distribution centered at D4000= 1 .75, but both 
MG2 and MG3 have asymmetric distributions with long tails 
extending to lower D4000 values. 

In detail, more than 85% of the galaxies in MG1 have 
D4000> 1.60, and none have D4000< 1.30. In contrast, 
about 10% of the MG2 galaxies have D4000< 1 .30, and MG2 
has a lower median D4000 value of only 1.60. In MG3, the 
color-cut does remove nearly all galaxies with D4000< 1.30, 
but MG3's median D4000 of 1.72 is still lower than in MG1. 
As a check, we also measure D4000 in the stacked spectrum 
for each galaxy sample (see Figure [4]l and find that the values 
are virtually identical to our results using the D4000 distribu- 
tions. 

To estimate the stellar age corresponding to the median 
D4000 values in our three samples, we use the stellar syn- 
thesis model from lBruzual & Chariot! (120031) . For simplicity, 
we assume: 

• solar metallicity (Z = 0.02) 

• Salpeter initial mass function (IMF) 

• single instantaneous starburst 

Because we are only interested in knowing the relative age 
differences between the samples, we use a single metallicity 
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FIG. 7. — The distribution of Sersic index n versus D4000 for MG1 (upper 
left), MG2 (upper right), MG3 (bottom left), and all galaxies (bottom right); 
all distributions are for the same redshift range. The dashed line inside each 
panel represents the Sersic index cut-off of n = 2 used to select MG2 and 
MG3. The overdensity at Sersic n ~ 6 is based on the NYU catalog's imposed 
threshold where every galaxy with n > 6 has a listed Sersic index of n = 
6. MG1 (the Ha sample) consists nearly exclusively of bulge dominated 
galaxies with a Sersic index n > 2. 

and simple starburst model. The stellar ages corresponding to 
the median D4000 value in MG1, MG2, and MG3 are listed 
in Table [9] As a check, we also estimate the ages from the 
stacked spectrum for each sample and find that the ages mea- 
sured by the two methods are consistent. 

The high median D4000 value and small scatter of the 
Ha selected galaxies (MG1) means that these galaxies have 
highly uniform and relatively old ages. The difference be- 
tween MG1 and MG2 (Sersic n > 2) is striking: the median 
age in MG1 is about double that in MG2. In comparison, the 
red early-type sample (MG3) has a median age closer to, but 
never as old as, the MG1 sample (Tables |9). Note that the 
median age in all three samples increases with increasing red- 
shift due to the brighter magnitude limit, i.e. more luminous 
gala xies have older stella r populations and higher D4000 val- 
ues dGallazzi et al. 2006). 

3.1.5. MG: Sersic index vs. D4000 

Morphology, as quantified by the Sersic index, is often used 
to identify passive galaxies because they also tend to be early- 
type systems (n > 2, e.g. Hogg et al. 2004). We test this 
assumption by comparing D4000, a robust tracer of stellar 
age, to the Sersic indices from the NYU VAGC. In Figure 
[7] (bottom right), we plot D4000 versus Sersic index for all 
the galaxies at 0.06 < z < 0.065 in the Main Galaxy sample; 
the overdensity at n = 6 is due to the NYU VAGC assigning 
a value of n = 6 for any galaxy with a measured Sersic index 
greater than 6. 

The distribution for all galaxies is bimodal with a con- 
centration at low D4000 (< 1.4) and low n (< 2), and an- 
other at high D4000 (> 1.6) and high n (> 2). Note that the 
color-magnitude dia gram has a similar bimodal distribution 
dBaldrv et a l. 2004b). However, the correlation between Ser- 
sic index and D4000 is quite broad, e.g. a galaxy with n = 2 
can have a D4000 value from 1.0 to 1.8. 

In comparison, the Sersic and D4000 distribution of the 
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MG1 (Ha) sample is strikingly narrow (Figure [7] top left). 
Even though we did not select on morphology, virtually all of 
the MG1 galaxies have « > 2. As noted earlier, their D4000 
distribution includes only values > 1 .4. 

In MG2 and MG3 where we do select using morphology 
(n > 2), the D4000 distribution is visibly broader than in MG1 
(Figure|7|. The contamination by younger galaxies (D4000< 
1.4) is particularly severe in the MG2 sample (top right). 
Applying the color-cut in the MG3 sample does remove the 
galaxies with D4000< 1.3 (bottom left panel), but MG3 still 
contains a number of galaxies with 1.3 <D4000< 1.4. 

3.2. Luminous Galaxy Sample 

Thus far we have only used the Main Galaxy sample which 
is divided into 20 redshift bins where the magnitude limit in- 
creases with redshift to ensure a complete sample in each red- 
shift bin. To test the robustness of our results, we now apply 
an absolute magnitude limit of M r < < -21 .0 set by our highest 
redshift bin to the entire galaxy sample (0.05 < z < 0. 15); this 
leaves us with ~ 82,000 galaxies (see TableUJ. We divide the 
Luminous Galaxy sample into the same three categories as 
defined in TablelJ LG1 (Ha EW< OA); LG2 (Sersic n > 2); 
and LG3 (Sersic n > 2 and color-cut). We repeat our analysis 
with the Luminous Galaxy sample and compare to our results 
from the Main Galaxy sample. Note that because of the larger 
redshift range, we now use absolute rest-frame magnitudes 
and colors from the NYU VAGC. 

3.2.1. LG: Color-Magnitude Relation 

The color-magnitude diagrams for LG1, LG2, and LG3 are 
shown in Figure [8] and their fitted color-magnitude relations 
are listed in TablefTOl As in our earlier analysis, we use 3<jobs 
measured in LG1 for the color-cut applied in LG3. The CM 
relations for all three samples are virtually identical to each 
other as well as to the Main Galaxy sample; note that the 
normalizations are different between the Main and Luminous 
Galaxy samples due to the change from apparent to absolute 
magnitudes. 

The observed color scatter is lowest in LG1 (<7 OB s=0.023) 
while the scatter is twice as large in LG2 (cr OB s=0.046). LG1 
has a narrow and symmetric color distribution, but LG2's 
color deviation is again clearly asymmetric with a tail of bluer 
galaxies (see Figure[9]). The color-cut in LG3 does reduce the 
color scatter considerably to er OBS =0.025, but LG3 still con- 
tains a significant number of red active galaxies (see Figure 
[TTl right panel). Note that the color scatter in the Luminous 
Galaxy samples are smaller than those in the Main Galaxy 
samples due to the higher luminosity limit and the use of rest- 
frame colors. 

The same is true when comparing the intrinsic color scatter 
of LG1, LG2, and LG3 (Table |3): the LG1 sample has the 
lowest intrinsic color scatter. To determine the intrinsic color 
scatter, we correct the observed color scatte r usi ng the photo- 
metric errors listed in the NYU VAGC (see 32.4b . In all cases, 
the color scatter is primarily due to intrinsic variations in the 
galaxy population and not to systematic errors. 

As in the Main Galaxy sample, LG1 (Ha-selected) has 
the fewest galaxies while LG2 (morphology-selected) has the 
most (37% vs. 83%), and LG3 is in between (57%). How- 
ever, the fraction of passive galaxies in LG2 and LG3 are 
only 44% and 62% respectively, i.e. both LG2 and LG3 have 
a significant number of emission-line galaxies. The average 
luminosity- weighted stacked spectra for LG1, LG2 and LG3 
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FIG. 8. — Rest-frame color-magnitude diagrams for LG1 (Ha passive; top 
panel), LG2 (Sersic n > 2; middle panel), and LG3 (Sersic n > 2 and color- 
cut; bottom panel). We consider all galaxies at 0.05 < z < 0.15 with M r t < 
-21 .0 (see Fig. fT}. The solid line is the sigma-clipped least-squares fit to LG1 
(shown in all panels), the long-dashed line the fit to LG2, and the short-dashed 
line to LG3. The dotted line shown in all three panels represents the 3<t bs 
(MAD) limit from LG1 (3ct bs = 0.0700). Because of K-corrections, plotting 
the three galaxy samples in the rest-frame results in a tighter red sequence 
than plotting the samples in the observed frame (see FigureffJ- However, the 
Hct-criterion (LG1) still isolates the most uniformly red (old) galaxy popula- 
tion. 

confirm that LI is composed of completely passive galaxies 
(Figure [10b while both LG2 and LG3 include active systems; 
the nearly equal emission strength in Ha and [Nil] indicate 
that the active galaxies in LG2 and LG3 are mostly AGN. 
As noted earlier, the predominance of AGN rather than on- 
going star formation is due to the brighter luminosity limit 
(M r i < -21.0) in the Luminous Galaxy sample: the fainter 
galaxies that are excluded tend to be star-forming systems 
while the more luminous galaxies tend to have AGN (e.g. see 
TableE). 

3.2.2. LG: Star Formation vs. AGN 

We use the BPT diagram again to separate purely star- 
forming galaxies from those with AGN; this is only possible 
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FIG. 9. — Histograms of the rest-frame color residuals A(g' — r') of LG1 
(hatched) and LG2 (open); we use the CM relation from LG1 for both sam- 
ples. The dashed line is the 3<t bs (MAD) of the LG1 sample used with 
n > 2 to define the LG3 sample. LG1 has a very peaked and symmetric color 
distribution while LG2 has an extended tail towards bluer (younger) galaxies. 



with the LG2 and LG3 samples because they both have galax- 
ies with emission lines while the LG1 sample does not (Figure 
[Til . Of the galaxies in LG2, 14% are active systems. The ac- 
tive fraction is lower in LG3 at only 3%. In both LG2 and 
LG3, the majority of the active galaxies have AGN. This rein- 
forces our earlier results showing that the bright active galax- 
ies tend to have AGN rather than ongoing star formation (e.g. 
seeTables|7]-U. 

3.2.3. LG: D4000 Index & Stellar Age 

The D4000 distributions of LG1, LG2, and LG3 are shown 
in Figure [T2] the LG1 sample has the narrowest and most 
symmetric D4000 distribution, and it has the highest mean 
value of 1.80. The LG2 sample has the widest D4000 distri- 
bution with an asymmetric tail towards lower values; its mean 
value is only 1.69. Because the color-cut in LG3 tends to re- 
move star-forming galaxies that have lower D4000 indices, its 
mean D4000 value is higher at 1 .77. As a check, we also mea- 
sure the D4000 indices in the stacked spectra (FigureflOli and 
find the results to be consistent. 

Using the same BC03 starburst model as in 33.1.41 we de- 
termine the stellar ages as measured by the D4000 index. Be- 
cause LG1 has the highest mean D4000 value, it has the oldest 
mean stellar age of 4.5 Gyr while LG2 has a mean age of only 
3.0 Gyr. Thus even in a luminous galaxy sample, the Ha se- 
lection continues to be the most effective criteria for isolating 
a uniformly quiescent galaxy population. 

The Luminous Galaxy samples have higher mean D4000 
indices and thus older mean stellar ages relative to the Main 
Galaxy samples. The Main Galaxy samples are younger due 
to the inclusion of fainter galaxies that tend to have more on- 
going star formation. In other words, more luminous galaxies 
tend to have older stellar populations, as foun d in previous 
studies dGallazzi et al.H2006tlGraves et al.ll2007T) . 

3.2.4. LG: Sersic index vs. D4000 

Finally, we compare how well Sersic index correlates with 
D4000 in the Luminous Galaxy samples. The results for 
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FIG. 10. — Luminosity-weighted stacked spectra of LG1 (top panel), LG2 
(mid panel), and LG3 (bottom panel). While the Ha emission in LG2 and 
LG3 are weaker than in the Main Galaxy samples, only LG1 shows no emis- 
sion in any of the noted lines. Thus even in the Luminous Galaxy samples, 
selecting by Ha is still the most effective criteria for identifying a homoge- 
neously old population. 

the Luminous Galaxy samples (Figure [T3| ) are essentially 
the same as in the Main Galaxy samples (Figure [7]): When 
considering the entire Luminous Galaxy sample, the distri- 
bution is bimodal. However, the Ha selection (LG1) con- 
tains only galaxies with n > 2 and D4000> 1.5. Both of the 
morphologically-selected samples (LG2 & LG3) have wider 
distributions. 

In summary, we confirm that using only Ha is as effective 
in the Luminous Galaxy sample as in the Main Galaxy sample 
at isolating a galaxy population that is highly uniform in color 
(red), D4000 index (high), and morphology (n > 2). 

4. DISCUSSION 

The properties of the oldest galaxies at any redshift pro- 
vide strong constr a ints on both ga laxy formation models 
dBower et all l2006t iFont et all 120081) and cosmological pa- 
ramet ers, e.g. how the Hubble parameter evolves with red- 
shift dStern et al. 2009). Specifically, the observed color dis- 
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FIG. 11. — The BPT-diagrams of the active galaxies in LG2 (left panel; 
14.2% of all LG2 galaxies) and LG3 (right panel; 3.4% of all LG3 g a laxies) 
The solid curve represents the separation curve of Kauffmann et al. (2003a) 
and the dotted curve the separation curve of Kewley et al. (2001). The rela- 
tive fraction of active galaxies in the Luminous Galaxy samples is lower than 
in the Main Galaxy samples (Figure [5) due to the higher luminosity limit of 
the LG samples. However, both LG2 and LG3 still have measurable contri- 
butions from SF/AGN galaxies. 

tribution of a uniformly aged population is a straight-forward 
test of galaxy formation models, and stellar population mod- 
els must be able to reproduce the observed age distribution 
and remain consistent with the universe's age at any redshift. 
However, how to identify a galaxy population with such ho- 
mogeneous mean stellar ages continues to be debated because 
of mixed success using morphologically and/or color-selected 
samples: these selection techniques are unable to exclude a 
number o f galaxies with o ngoing star formation, particularly 
at L < L* ( lYan et alj|2006l) . 

Given the importance of identifying a uniformly old galaxy 
population, especially at higher redshift, we have introduced 
a new method that relies solely on the Ha line. We find 
that galaxies with EW(Ha) < OA have a narrow and sym- 
metric color distribution (Figs. |2] & O with an observed 
color scatter of a OBS (g' - r') = 0.029 (MAD) in our lowest 
redshift bin (z ~ 0.05) and 0.038 in our highest redshift bin 
(z ~ 0.15). When we remove systematic errors to obtain the 
intrinsic color scatter, we find that the observed color scatter 
is dominated by real variations in the galaxy population with 
cr INT = 0.0287 (z ~ 0.05) to ct int = 0.0357 (z ~ 0.15); these val- 
ues are for photometry in the observed frame, i.e. without 
K-corrections. 

The slope in the color-magnitude relation of m = -0.02 is 
constant throughout our 20 redshift bins (Table|4]i. Our results 
do not change even when considering only the most luminous 
(M,-> < -21.0) galaxies across the entire redshift range (Figs. 
[8] & [9]): the slope in the CM relation is the same, and the 
absolute color scatter is er 0BS (g'-r') = 0.023. We also find 
that all of the Ha selected galaxies have morphological Sersic 
indices of n > 2, i.e. they are all bulge-dominate d systems 
dSersidl 19681: [Driver et al.ll2006t Ivan der Wei2008h . 

As a check of the Ha selected samples, we determine the 
average luminosity-weighted spectrum in each redshift bin for 
the Main and Luminous Galaxy samples (Figs. l4l&[T0b. The 
stacked spectra have no emission lines and D4000, a mea- 
sure of the continuum break at 4000A, increases from 1 .72 
at z ~ 0.05 to 1.80 at z ~ 0.15 (Table |§. Using a BC03 
single starburst model (solar metallicity), the corresponding 
mean stellar ages of the Ha-selected sample is 3 to 4.25 Gyr. 
Note that the D4000 distributions of the Ha selected sam- 
ples are narrow and symmetric, and all of the galaxies have 
D4000> 1.3 (Figs. |6]&pl). 

We quantify the effectiveness of our Ha-selection by com- 
paring to both morphologica lly and color-selected samples. 
Following Hog g et al] ( 120041) . we select galaxies with early- 
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FIG. 12.— The D4000 distribution of LGI (hatched), LG2 (open), and LG3 
(diagonal shaded). The average D4000 value for each sample is indicated 
by the solid (LGI), dashed (LG2), and dotted (LG3) lines. As in the Main 
Galaxy samples, LGI has the highest average D4000 value and a symmet- 
ric distribution while both LG2 and LG3 have extended tails towards lower 
D4000 values, i.e. they both include younger galaxies. 
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FIG. 13. — The distribution of Sersic index n versus D4000 for LGI (upper 
left panel), LG2 (upper right), LG3 (lower left), and all galaxies (bottom 
right). As in the Main Galaxy samples, the Ha-selected Luminous Galaxy 
sample (LGI) consists nearly exclusively of bulge-dominated galaxies (n > 
2) and high D4000 values. 

type morphologies by using Sersic n > 2. We find that while 
the slope of the CM relation is the same as in the Ha-selected 
samples, the distribution in both color and D4000 index is sig- 
nificantly wider with asymmetric tails towards bluer galaxies 
with lower D4000 indices (Figs. |2][3]|6l About 35% 

of the (n > 2) galaxies have A(g' - r') < -3cr OB s (where a 0BS 
defined by the Ha samples), and their observed color scatter 
is twice that of the Ha-selected samples (Tables |5]&|6|. 

The morphologically-selected samples have a significant 
fraction of active galaxies, and their stacked spectra have 
strong emission lines (Figs. [4] & |5j. Due to the increasing 
magnitude limit in the redshift bins, the active fraction de- 



Ha-Selected Galaxies at (0.05 < z < 0.15) 



11 



creases from 32% at z ~ 0.05 to 13% at z ~ 0.15 (Table|7]& 
[8]). The relative fraction of galaxies with ongoing star forma- 
tion versus those with AGN also depends on the luminosity 
limit: active galaxies that are fainter than M r > = -20.0 tend to 
be dominated by star formation instead of AGN. Because of 
these star-forming systems, the (n > 2) samples have lower 
mean D4000 indices of 1.51-1.69 (0.05 < z < 0.15; Table©; 
the corresponding stellar ages (1.20 to 3.00 Gyr) are about 
half that of the Ha-selected samples (Table©. 

Having established that the Ha-selected sample is more ho- 
mogeneous in age than the morphologically-selected sample, 
we also test if applying a color-cut to the n > 2 sample elim- 
inates the emission-line galaxies. Using the observed color 
scatter <r 0BS determined from the Ha samples, we exclude all 
n > 2 galaxies that are bluer than 3er OBS . We find that while 
the color-cut does reduce the active fraction considerably, the 
galaxy sample is still not as uniform in color and D4000 (stel- 
lar age) as the Ha samples (Figs. [3] &|6l Table©. 

We find that our single selection criterion of E W(Ha) < OA 
is more effective than using Sersic index and/or color cuts 
to identify a galaxy population that is homogeneous in color 
(red), D4000 index (high), and morphology (n > 2). This is 
true in both our Main Galaxy sample where we use a varying 
magnitude limit that depends on redshift, and in the Luminous 
Galaxy sample where we apply an absolute magnitude limit 
of M,-r < -21 .0. Note that even in the LGS where the galaxies 
are dominated by older stellar populations, there is still mea- 
surable contamination from active systems when selecting by 
Sersic index and/or color. 

Our ability to measure Ha emission is not as strongly de- 
pendent on redshift as measuring Sersic index: while quanti- 
fying galaxy morphology at z > 0.5 requires imaging resolu- 
tion of < 0. 1 ", identifying galaxies with EW(Ha) < OA can be 
done with even low signal-to-noise (< 2) spectra. The main 
limitation of using Ha is that the spectral line moves into the 
infrared for galaxies at z > 0.4. However, the recent devel- 
opment of multi-object infrared spectrographs enables us to 
select with Ha to z ~ 2. 

5. CONCLUSION 

By combining the SDSS DR6 with the NYU VAGC, we 
obtain a sample of over 180,000 galaxies at 0.05 < z < 0.15 
with u'g'r'i'z' photometry, Sersic index, and measured spec- 
tral indices (Main Galaxy sample; MG). In an effort to find 
the most effective observational method of identifying a truly 
quiescent red sequence, we select galaxies solely by their Ha 
line. We compare the galaxies with Ha equivalent widths 
of < OA, i.e. in absorption, to galaxy samples selected using 
the more common methods of morphology (Se rsic index) and 
color . Our work complem ents earlier studies (Galla zzi et alj 
l2006t iGraves etaT] 120091) by rigorously testing which selec- 



tion criteria identifies the most homogeneously aged red se- 
quence. 

We split the Main Galaxy sample into 20 redshift bins that 
have an increasing luminosity limit with redshift; this ensures 
that we are complete in each magnitude bin (Az = 0.005) and, 
by comparing the samples within each redshift bin, we also 
minimize any bias due to the 3" fiber aperture. We repeat 
our analysis using a Luminous Galaxy (LG) sample where 
we apply an absolute magnitude limit of M r i < -21 .0 over the 
entire redshift range. 

We measure the slope of the color-magnitude relation to 
be m = -0.02 which is consistent with the slope determined 
by iHogg et all (120041) . The slope stays constant throughout 
our analysis, i.e. the slope does not depend on galaxy se- 
lection method nor redshift bin. However, the galaxies with 
EW(Ha)< OA have the narrowest and most symmetric distri- 
butions in color and D4000 index, and their stacked spectra 
show no sign of emission lines. Also, all of the Ha selected 
galaxies have Sersic n ^ 2, i.e. they are all bulge-dominated 
systems. 

In comparison, the early-type (Sersic n > 2) samples in- 
clude a significant number of blue/star-forming galaxies and 
have a color scatter that is twice as large as in the Ha sample, 
e.g. observed a„ AD (g'-/) = 0.077 vs. 0.038 at z ~ 0.15. Their 
stacked spectra also show strong emission lines. Using D4000 
to estimate mean stellar age, we find that the average n > 2 
galaxy is only two-thirds as old as the average Ha-selected 
galaxy, e.g. 3.0 vs. 4.5 Gyr at z ~ 0.15. 

Applying a color-cut to the morphologically-selected sam- 
ple does reduce the fraction of star-forming galaxies. How- 
ever, the color and D4000 distributions are still wider and 
more asymmetric than in the Ha sample, i.e. the sample still 
contains active galaxies. From the spectral line ratios, we find 
that the early-type galaxies with emission lines tend to have 
AGN rather than ongoing star formation. 

Our analysis confirms that selecting galaxies with 
EW(Ha)< OA is the most effective method for identify- 
ing an extremely pure, homogeneously aged galaxy popula- 
tion. Note that with the development of near-infrared spec- 
trographs, Ha can be measured to z ~ 2 whereas an imaging 
resolution of < 0. 1" is needed to quantify galaxy morphology 
at z > 0.5. By isolating the truly quiescent galaxies that pop- 
ulate and stay on the red sequence as a function of redshift, 
we are better able to quantify how their number density and 
masses evolve. 
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Main Galaxy (MG) Sample 
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a The applied r'-band absolute Petrosian 
magnitude cuts of each redshift bin. This ab- 
solute magnitude includes a K-correction for 
a "typical 1 ' Ha passive galaxy (early-type 
SED). These values are drawn as short solid 
horizontal lines in Figure ITI 



TABLE 2 

Selection Criteria for Main Galaxy (MG) Sample* 



Sample 


Selection 


EW Ha 
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Sersic n 


color-cut 
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a We consider only galaxies that have signal-to-noise ratios {S/N)^/ > 3, 
<S/N),./ > 3, (S/N) lpa > 5, and (S/N) Ha > 2. The 3o- BS color-cut is based on 
MG 1 's color-magnitude relation (CMR) and its color deviations A (g' — r'). MG 1 , 
MG2, and MG3 have an increasing magnitude limit in M r , with increasing redshift 
(redshift bins of Az = 0.005; see Table[T]& FigureQ}. 



TABLE 3 

Selection Criteria for Luminous Galaxy (LG) Sample" 
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a The Luminous Galaxy (LG) sample includes 81,232 objects. LG1, LG2 & LG3 apply the 
same selection criteria as the MG samples listed in Table [2| with an additional cut in absolute 
magnitude (M r t < -21.0) used over the entire redshift range of 0.05 < z < 0.15. 
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TABLE 4 
Color-magnitude relation: MG1 
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1 


.22 


±0.04 


0.0328 


±0.0007 


0.0315 


±0.0007 


0. 


100 


< 


z< 


0. 


105 


27. 


8% 


(3,708) 


-0.018 


±0.002 


1 


.27 


±0.03 


0.0328 


±0.0007 


0.0314 


±0.0006 


0. 


105 


< 


z< 


0. 


110 


30 


0% 


(3,964) 


-0.022 


±0.002 


1 


.34 


±0.04 


0.0338 


±0.0007 


0.0324 


±0.0006 


0. 


110 


< 


z< 


0. 


115 


31 


4% 


(4,455) 


-0.022 


±0.003 


1 


.36 


±0.05 


0.0326 


±0.0006 


0.0311 


±0.0006 


0. 


115 


< 


z< 


0. 


120 


28. 


8% 


(3,803) 


-0.015 


±0.003 


1 


.26 


±0.04 


0.0362 


±0.0007 


0.0347 


±0.0007 


0. 


120 


< 


z< 


0. 


125 


28. 


7% 


(3,320) 


-0.020 


±0.003 


1 


.37 


±0.05 


0.0359 


±0.0009 


0.0343 


±0.0009 


0. 


125 


< 


z< 


0. 


130 


31 


6% 


(3,729) 


-0.024 


±0.003 


1 


.44 


±0.05 


0.0368 


±0.0007 


0.0352 


±0.0007 


0. 


130 


< 


z< 


0. 


135 


34. 


5% 


(4,129) 


-0.021 


±0.003 


1 


.41 


±0.05 


0.0375 


±0.0008 


0.0358 


±0.0008 


0. 


135 


< 


z< 


0. 


140 


36. 


2% 


(3,890) 


-0.024 


±0.003 


1 


.47 


±0.05 


0.0365 


±0.0008 


0.0346 


±0.0007 


0. 


140 


< 


z< 


0. 


145 


36. 


8% 


(3,413) 


-0.023 


±0.003 


1 


.48 


±0.06 


0.0369 


±0.0009 


0.0349 


±0.0008 


0. 


145 


< 


z< 


0. 


150 


36. 


7% 


(3,171) 


-0.028 


±0.004 


1 


.58 


±0.06 


0.0377 


±0.0009 


0.0357 


±0.0009 



a The fraction of EW Ha < OA galaxies inside each redshift bin. The value in parentheses is the selected number of galaxies 
(see Table[T}. 

k The slope (m) and normalization (») of the linear color-magnitude relation (g' —r') = n + mr' and its ler errors; we fit the 
CM relation using apparent magnitudes for all of the Main Galaxy samples (see j |2.4| for details). 

c The observed scatter in color and its error; we use the Median Absolute Deviation (MAD) to characterize the color scatter 
and calculate its error using the bootstrap resampling method lE fronl 19791) . 
d The intrinsic scatter in color and its error (see j j2.4| for details). 



TABLE 5 
Color-magnitude relation: MG2 



0. 


050 


<z 


< 





.055 


0. 


055 


<z 


< 


0. 


.060 





060 


<z 


< 





065 


0. 


065 


<z 


< 





.070 


0. 


070 


< z 


< 


0. 


075 





075 


< z 


< 





.080 


0. 


080 


<z 


< 





085 





085 


< z 


< 





.090 


0. 


090 


<z 


< 





095 





095 


< z 


< 





.100 


0. 


100 


<z 


< 


0. 


105 


0. 


105 


<z 


< 





.110 


0. 


.110 


<z 


< 





115 


0. 


.115 


<z 


< 


0. 


.120 


0. 


.120 


<z 


< 





125 


0. 


.125 


<z 


< 





.130 





130 


<z 


< 


0. 


135 


0. 


.135 


<z 


< 





.140 





140 


<z 


< 


0. 


145 


0. 


.145 


<z 


< 


0. 


.150 



50.9% ( 6,703) 
52.2% ( 6,410) 
54.7% ( 8,730) 
55.6% ( 9,019) 
58.9% (11,081) 
60.5% (11,735) 
63.0% (12,395) 
63.7% (10,652) 
63.8% (9,119) 
65.8% ( 9,267) 
65.7% ( 8,755) 
67.3% ( 8,887) 
69.9% ( 9,906) 
70.5% ( 9,300) 
70.2% (8,124) 
72.4% ( 8,545) 
75.3% ( 9,013) 
76.7% ( 8,237) 
77.4% (7,169) 
78.5% (6,781) 



m ±<t,„ 



-0.017 
-0.017 
-0.020 
-0.019 
-0.017 
-0.017 
-0.018 
-0.017 
-0.014 
-0.018 
-0.022 
-0.023 
-0.025 
-0.024 
-0.027 
-0.029 
-0.027 
-0.029 
-0.031 
-0.039 



±0.002 
±0.002 
±0.002 
±0.002 
±0.002 
±0.002 
±0.002 
±0.002 
±0.003 
±0.003 
±0.003 
±0.003 
±0.003 
±0.003 
±0.004 
±0.004 
±0.004 
±0.004 
±0.005 
±0.005 



n ±<T„ b 

1.12 ±0.04 
1.12 ±0.04 

1.18 ±0.04 

1.19 ±0.04 

1.17 ±0.03 

1.18 ±0.03 
1.21 ±0.04 

1.20 ±0.04 
1.17 ±0.05 
1.25 ±0.05 
1.31 ±0.05 
1.36 ±0.05 
1.39 ±0.05 
1.39 ±0.06 
1.46 ±0.06 
1.51 ±0.06 
1.50 ±0.06 
1.55 ±0.07 
1.60 ±0.08 
1.75 ±0.09 



o-QBste' -r'f 



TiNTfe'-r') d 



0.0686 
0.0661 
0.0646 
0.0640 
0.0604 
0.0604 
0.0622 
0.0633 
0.0663 
0.0660 
0.0682 
0.0680 
0.0700 
0.0738 
0.0765 
0.0766 
0.0763 
0.0762 
0.0761 
0.0771 



±0.0014 
±0.0015 
±0.0012 
±0.0010 
±0.0010 
±0.0009 
±0.0009 
±0.0010 
±0.0011 
±0.0012 
±0.0012 
±0.0012 
±0.0011 
±0.0011 
±0.0014 
±0.0013 
±0.0014 
±0.0014 
±0.0014 
±0.0016 



0.0682 
0.0657 
0.0642 
0.0636 
0.0599 
0.0598 
0.0616 
0.0627 
0.0657 
0.0653 
0.0675 
0.0673 
0.0692 
0.0731 
0.0757 
0.0758 
0.0755 
0.0753 
0.0752 
0.0761 



±0.0014 
±0.0015 
±0.0012 
±0.0010 
±0.0010 
±0.0008 
±0.0009 
±0.0010 
±0.0011 
±0.0012 
±0.0012 
±0.0012 
±0.0011 
±0.0011 
±0.0014 
±0.0013 
±0.0014 
±0.0014 
±0.0014 
±0.0016 



d The fraction of Sersic n > 2 galaxies inside each redshift bin. The value in parentheses is the selected number of galaxies 
(see Table[Q. 

k The slope (m) and normalization (n) of the linear color-magnitude relation (g' - r') = n + mr' and its lcr errors; we fit the CM 
relation using apparent magnitudes for all of the Main Galaxy samples (see fl2.4| for details). 

c The observed scatter in color and its error; we use the Median Absolute Deviation (MAD) to characterize the color scatter 
and calculate its error using the bootstrap resampling method iEfron 1 9791) . 
The intrinsic scatter in color and its error (see j24]for details). 



Ha-Selected Galaxies at (0.05 < z < 0.15) 



TABLE 6 
Color-magnitude relation: MG3 







Az 








UN ga ,r 


m ±<T,„ b 




11 ±<7„ b 


C"OBs( 


g'-r'T 




0. 


050 


< 


z < 


0. 


055 


32 


O (Yl //II CO \ 

3% (4,252) 


-0.018 


±0.001 


1 


.13 


±0.02 


0.0321 


I a a a at 

±0.000/ 


rv ao n in f\f\rv~i 

0.0313 ±0.000/ 


0. 


055 


< 


z < 


0. 


060 


33 


o ni f A 1 c o \ 

8% (4,153) 


-0.017 


±0.001 


1 


.12 


±0.02 


0.0323 


±0.0006 


0.0314 ±0.0006 


0. 


060 


< 


z < 


0. 


065 


35 


cm i c m 1 \ 

5% (5,6/1) 


-0.020 


±0.001 


1 


.18 


±0.02 


0.0319 


I a aa a c 

± 0. 0005 


A m 1 A 1 A AAAC 

0.0310 ±0.0005 


0. 


065 


< 


z < 


0. 


070 


36 


a n? f c to 1 \ 

0% (5,831) 


-0.019 


±0.001 


1 


.18 


±0.02 


0.0312 


1 a aaac 

±0.0005 


A AO AO 1 A AAAC 

0.0302 ±0.0005 


0. 


070 


< 


z < 


0. 


075 


39 


iiif ft Af\~l\ 

.4% (/,40/) 


-0.017 


±0.001 


1 


. 16 


±0.02 


0.0313 


I a aaac 
±0.0005 


A A1AO 1 A AAAC 

0.0302 ±0.0005 


0. 


075 


< 


z < 


0. 


080 


39 


im /i 1 1 a\ 

1% (7,710) 


-0.017 


±0.001 


1 


.18 


±0.02 


0.0301 


i a aa a a 
±0.0004 


A AO OA 1 A AAA/1 

o.oioy ±0.0004 


0. 


080 




■7 < 
z ~ 


0. 


085 


42 


A fit fO n A\ 

4% (8,334) 


-0 017 


±0 001 


1 


20 


±0 02 


0.0324 


I a aa a a 

±0.0004 


A AO 1 O I A AAA A 

0.0312 ±0.0004 


0. 


085 


< 


z< 


0. 


090 


43 


f\(YI 11 1 OT\ 

.0% (7,183) 


-0.016 


±0.001 


1 


.19 


±0.02 


rv ao o o 

0.0332 


I a aaac 

±0.0005 


A AO 1 A I A AAAC 

0.0319 ±0.0005 


0. 


090 


< 


z< 


0. 


095 


42 


S<& (f\ 071 ^ 


-0.016 


±0.002 


[ 


.20 


±0.03 


0342 


4-0 000^ 

1 W.1HM).) 


n o^?q 4-0 onos 


0. 


095 


< 


z< 


0. 


100 


44. 


4% (6,261) 


-0.019 


±0.001 


1 


.26 


±0.03 


0.0353 


±0.0005 


0.0339 ±0.0005 


0. 


100 


< 


z< 


0. 


105 


43. 


.5% (5,796) 


-0.020 


±0.002 


1 


.30 


±0.03 


0.0351 


±0.0005 


0.0337 ±0.0005 


0. 


105 


< 


z< 


0. 


110 


45. 


.3% (5,980) 


-0.024 


±0.002 


1 


.38 


±0.03 


0.0364 


±0.0006 


0.0350 ±0.0005 


0. 


110 


< 


z< 


0. 


115 


45. 


8% (6,485) 


-0.023 


±0.002 


1 


.38 


±0.04 


0.0346 


±0.0005 


0.0330 ±0.0005 


0. 


115 


< 


z< 


0. 


120 


46 


.7% (6,167) 


-0.019 


±0.002 


1 


.32 


±0.03 


0.0392 


±0.0006 


0.0377 ±0.0006 


0. 


120 


< 


z< 


0. 


125 


46 


.0% (5,322) 


-0.024 


±0.002 


1 


.41 


±0.04 


0.0396 


±0.0007 


0.0380 ±0.0007 


0. 


125 


< 


z< 


0. 


130 


47. 


.9% (5,652) 


-0.026 


±0.002 


1 


.47 


±0.04 


0.0391 


±0.0006 


0.0374 ±0.0006 


0. 


130 


< 


z< 


0. 


135 


50 


.4% (6,035) 


-0.026 


±0.002 


1 


.48 


±0.04 


0.0401 


±0.0007 


0.0383 ±0.0007 


0. 


135 


< 


z< 


0. 


140 


50 


.6% (5,430) 


-0.026 


±0.002 


1 


.51 


±0.04 


0.0387 


±0.0007 


0.0367 ±0.0006 


0. 


140 


< 


z< 


0. 


145 


51 


.7% (4,789) 


-0.028 


±0.003 


1 


.54 


±0.05 


0.0398 


±0.0007 


0.0378 ±0.0007 


0. 


145 


< 


z< 


0. 


150 


52. 


.2% (4,509) 


-0.035 


±0.003 


1 


.69 


±0.05 


0.0400 


±0.0008 


0.0379 ±0.0008 



a The fraction of galaxies that have Sersic n > 2 and color deviation A (g' — r') > — 3ctobs in each redshift bin (see Figure [2l 
middle and bottom panels). The value in parentheses is the selected number of galaxies (see Tabled . 

k The slope (m) and normalization (n) of the linear color-magnitude relation (g' - r' ) = n + mr and its la errors; we fit the 
CM relation using apparent magnitudes for all of the Main Galaxy samples (see fl2.4| for details). 

c The observed scatter in color and its error; we use the Median Absolute Deviation (MAD) to characterize the color scatter 
and calculate its error using the bootstrap resampling method lEfron 19791) . 
The intrinsic scatter in color and its error (see j |2.4| for details). 



TABLE 7 
Active Fractions: MG2 



Az 




f(AUve) a 


f^AGN) 15 


f (A^agn/sf) 4 ' 


f(/V SF ) d 


0.050< z <0. 


055 


31.5% (2,114) 


5.8% 


(390) 


11.1% ( 747) 


14.6% (977) 


0.055< z <0. 


060 


29.6% (1,896) 


5.7% 


(363) 


11.4% (732) 


12.5% (801) 


0.060< z <0. 


065 


28.4% (2,477) 


5.9% 


(518) 


11.4% (991) 


11.1% (968) 


0.065< z <0. 


070 


26.8% (2,421) 


5.3% 


(479) 


11.2% (1,007) 


10.4% (935) 


0.070< z <0. 


075 


24.4% (2,703) 


5.1% 


(566) 


10.3% (1,139) 


9.0% (998) 


0.075< z <0. 


080 


22.9% (2,683) 


4.9% 


(574) 


10.2% (1,195) 


7.8% (914) 


0.080< z <0. 


085 


21.9% (2,720) 


5.0% 


(622) 


10.3% (1,275) 


6.6% (823) 


0.085< z <0. 


090 


20.7% (2,202) 


4.4% 


(472) 


10.1% (1,081) 


6.1% (649) 


0.090< z <0. 


095 


20.4% (1,857) 


4.9% 


(443) 


9.7% ( 886) 


5.8% (528) 


0.095< z <0. 


100 


20.7% (1,914) 


5.8% 


(536) 


9.8% ( 908) 


5.1% (470) 


0.100<z<0. 


105 


20.5% (1,798) 


5.8% 


(506) 


9.7% ( 850) 


5.0% (442) 


0.105<z<0. 


110 


19.1% (1,693) 


5.3% 


(468) 


9.0% ( 800) 


4.8% (425) 


0.110<z<0. 


115 


16.0% (1,586) 


5.4% 


(538) 


7.1% (706) 


3.5% (342) 


0.115<z<0. 


120 


17.6% (1,633) 


5.1% 


(478) 


8.4% ( 784) 


4.0% (371) 


0.120<z<0. 


125 


17.6% (1,431) 


5.2% 


(423) 


8.2% ( 665) 


4.2% (343) 


0.125<z<0. 


130 


17.1% (1,462) 


5.1% 


(435) 


7.9% ( 672) 


4.2% (355) 


0.130<z<0. 


135 


14.9% (1,343) 


4.8% 


(432) 


7.0% ( 628) 


3.1% (283) 


0.135<z<0. 


140 


14.5% (1,191) 


4.5% 


(369) 


7.1% (586) 


2.9% (236) 


0.140<z<0. 


145 


12.9% ( 926) 


4.5% 


(323) 


6.1% (438) 


2.3% (165) 


0.145<z<0. 


150 


12.6% ( 853) 


4.3% 


(292) 


6.2% ( 418) 


2.1% (143) 



NOTE. — MG2 only consists of galaxies that have Sersic n > 2 in the r -band. The fractions 
are relative to the total number of MG2 galaxies in the same redshift bin. 

a The fraction of galaxies inside each redshift bin of the MG sample that have emission in Ha, 
H/3, [Nil], and [OIII] with a S/N > 2. The value in parentheses is the selected number of galaxies, 
k The fraction of pure AGN dominated galaxies identified by the separation line of Kewley et al. 
(2QQH) (see Fig.^). 

c The fraction of mixed AGN/starforming galaxies identified by the separation lines of 
iKauffmann eTaT] (2003 and lKewley eTal] feOOi?) (see Fig.[5j. 

^ The fraction of star-forming galaxies identified by the separation line of Kauffmann et al. 
|2003aft (see Fig. [51 



Kranz et al. 



TABLE 8 
Active Fractions: MG3 



AZ f(JV acli »e) a f(tf AGN ) b HNwWStY f(WsF) d 

0.050< z <0.055 9.3% (394) 3.6% (152) 4.4% (186) 1.3% (56) 

0.055 < z <0.060 9.0% (372) 3.5% (144) 4.4% (181) 1.1% (47) 

0.060< z <0.065 8.4% (474) 3.6% (202) 3.8% (216) 1.0% (56) 

0.065<z<0.070 7.4% (431) 3.1% (183) 3.6% (208) 0.7% (40) 

0.07()< z <0.075 6.2% (460) 2.5% (184) 3.1% (229) 0.6% (47) 

0.075<z<0.080 5.4% (416) 2.2% (169) 2.8% (216) 0.4% (31) 

0.08()< z <0.085 5.5% (460) 2.2% (186) 3.0% (246) 0.3% (28) 

0.085< z <0.090 5.0% (362) 2.0% (147) 2.7% (195) 0.3% (20) 

0.09()< z <0.095 4.8% (291) 2.2% (135) 2.2% (131) 0.4% (25) 

0.095 <z<0. 100 4.8% (299) 2.3% (145) 2.2% (136) 0.3% (18) 

0.100<z<0.105 4.5% (262) 2.5% (145) 1.8% (105) 0.2% (12) 

0.105<z<0.110 4.1% (243) 2.2% (130) 1.7% (101) 0.2% (12) 

0.110<z<0.115 2.9% (189) 1.9% (125) 0.9% ( 58) 0.1% (6) 

0.115<z<0.120 3.6% (221) 2.2% (138) 1.2% (72) 0.2% (11) 

0.120<z<0.125 3.8% (204) 2.0% (106) 1.7% (90) 0.2% ( 8) 

0.125<z<0.130 3.1% (178) 1.7% (96) 1.2% (70) 0.2% (12) 

0.130<z<0.135 2.6% (157) 1.6% (99) 0.8% ( 50) 0.1% (8) 

0.135<z<0.140 2.2% (118) 1.5% (81) 0.7% ( 36) 0.0% ( 1) 

0.140<z<0.145 1.8% (88) 1.4% (66) 0.4% ( 20) 0.0% ( 2) 

0.145<z<0.150 2.7% (121) 1.8% ( 81) 0.8% ( 36) 0.1% (4) 



NOTE. — MG3 only consists of galaxies that have Sersic n > 2 in the r'-band and 
color deviation A (g 1 - r' ) > — 3<7obs ( see Figure[2] middle and bottom panels). The 
fractions are relative to the total number of MG3 galaxies in the same redshift bin. 
a The fraction of galaxies inside each redshift bin that have emission in Ha, H/3, [Nil], 
and [OIII] with a S/N > 2. 

k The fraction of pure AGN dominated galaxies identified by the separation line of 
IKewlev et al] t200lh (see Fig. |5J. 

c The fraction of mixed AGN/starforming galaxies identified by the separation lines of 
IKauffmann etal] I2003aft and lKewlev etafl f200ll) (see Fig.|5J. 

^ The fraction of star-forming galaxies identified by the separation line of 
Kauffmann et~aTl l2003ah (see Fig.|5J. 



Ha-Selected Galaxies at (0.05 < z < 0.15) 



TABLE 9 

Ages from Median D4000: MG1, MG2, MG3 



Az 


(D4000) M Gi a 


(Age) M Gi b 

rr;, 7r i 
|uyrj 


<D4000) MG 2 a 


(Age) M G2 b 
[Gyr] 


<D4000) M G3 a 


(Age) M G3 b 
[ijyrj 


0.050< z <0.055 


1.74 ±0.07 


3 25 +1 ' 25 
—0.50 


1.58 ±0.16 


2.oo +; 


.25 
.30 


1.71 ±0.09 


3 - 00 ^io 

— U.oU 


0.055< z <0.060 


1.75 ±0.07 


3.50 f\ nc 

— u. IJ 


1.60 ±0.15 


2.20 + 


.30 
.40 


1.71 ±0.09 


3.00+1^ 

— U.3U 


0.060< z <0.065 


1.75 ±0.07 


3.50+^ 


1.60 ±0.14 


2.20 +: 


.30 
.30 


1.72 ±0.08 


3.00+1-50 

— U.4U 


0.065< z <0.070 


1.75 ±0.06 


3.50 ^ 


1.61 ±0.14 


2.30 +: 


.20 
.40 


1.72 ±0.08 


3-00 ^lo 1 


0.070< z <0.075 


1.76 ±0.06 


3.75 

— U. 13 


1.62 ±0.13 


2.40 + 


.10 
.40 


1.72 ±0.08 


3.00+1-50 

— U.4U 


0.075< z <0.080 


1.76 ±0.06 


3 75 +1.00 


1.63 ±0.13 


2.50 +: 


.25 
.25 


1.73 ±0.07 


3 25 +i- 25 


0.080< z <0.085 


1.76 ±0.06 


3.75 + 1 ™ 


1.64 ±0.12 


2.60 +: 


.15 
.20 


1.73 ±0.07 


3 25 +l- 25 


0.085< z <0.090 


1.77 ±0.06 


4.00 + J-g 

— l.UU 


1.64 ±0.12 


2.60 + 


.15 
.50 


1.74 ±0.07 


3 25 +'- 25 

—0.50 


0.090< z <0.095 


1.77 ±0.06 


4 -0° + ! oo 

—l.UU 


1.64 ±0.12 


2.60 + 


.15 
.50 


1.74 ±0.07 


3 25 +'- 25 
—0.50 


0.095<z<0.100 


1.77 ±0.06 


4.00 


1.64 ±0.12 


2.60 +: 


.15 
.50 


1.74 ±0.07 


3 25 +1- 25 


0.100<z<0.105 


1.77 ±0.06 


4 - 00+ !oo 

—l.UU 


1.64 ±0.13 


2.60 + 


.40 
.20 


1.74 ±0.07 


3 25 +l- 25 
—0.50 


0.105<z<0.110 


1.77 ±0.06 


4-00 + i;*> 


1.64 ±0.12 


2.60 


.40 
.50 


1.74 ±0.07 


3 25 +^-25 


0.110<z<0.115 


1.78 ±0.06 


4.00 


1.65 ±0.12 


2.75 + : 


.25 
.15 


1.75 ±0.07 


3.50 ^ 


0.115<z<0.120 


1.78 ±0.06 


4.00+|;25 


1.65 ±0.12 


2.75 + 


.25 
.15 


1.75 ±0.07 


3 - 50 ^:?5 


U. lzO< Z SO- l^J 


i hq _l_n n£ 
I. lo ±0.00 


/I nn +1.25 

4 - 00 -i.oo 


i £^ _l_n 1 1 


2.75 +: 


.25 
.15 


1 "7^ _i_n m 


% m +1.25 
3.50 _„ 75 


0.125<z<0.130 


1.78 ±0.06 


4 00 +'- 25 
^■ uu -1.00 


1.66 ±0.12 


2.75 + : 


.25 
.10 


1.76 ±0.07 


t 7 <: +1.00 
J -' J -0.75 


0.130<z<0.135 


1.79 ±0.06 


4 ?5 + 100 
^■ ZJ -1.00 


1.67 ±0.11 


2 75 + L25 


1.76 ±0.06 


3 7C +1.00 
J -' J -0.75 


0.135<z<0.140 


1.79 ±0.06 


4 2=j+1.00 
^■ ZJ -1.00 


1.68 ±0.11 


2 7= +1.50 
z. ij 85 


1.77 ±0.06 


4 00+1 .oo 

-1.00 


0.140<z<0.145 


1.80 ±0.06 


4 50 +10 ° 
^■•' u -i.oo 


1.69 ±0.11 


3.oo +: 


.25 
.00 


1.78 ±0.06 


4 00+' 25 
^■ uu -i.oo 


0.145<z<0.150 


1.80 ±0.06 


4 50 +10 ° 


1.69 ±0.11 


3.00 + 


.50 
.00 


1.79 ±0.07 


4 25 +1°0 
*- ZD -1.25 



NOTE. — We use the stellar synthesis model code of Bruzual & Charlol i 2003) with solar metallicity (Z = 0.02), Salpeter 
IMF, and the Padova stellar evolution track to determine an age. 
a The median D4000-value for MG1, MG2, or MG3 (see Fig.[6). 

The age derived from the sample's median D4000-value. The average age in the highest redshift bins is older because we 
have applied an increasing luminosity cut-off for the MG samples such that only the most luminous galaxies are included at 
higher redshift; studies have shown that more luminous galaxies tend to be older i Gallazzi et al. 2006; Graves et al. 2007). 



TABLE 10 

Color-magnitude relations : LG 1 , LG2, LG3 



Galaxy sample 


AZ 


f^Vgalf 


m ±<T„, b 


n ±a„ b 


oc-Bste' -r'f 


(Twig' -r'f 


LGl 
LG2 
LG3 


0.05<z<0.15 
0.05< z <0.15 
0.05<z<0.15 


37.4% (30,423) 
83.3% (67,729) 
56.9% (46.266) 


-0.019 ±0.001 
-0.025 ±0.001 
-0.022 ±0.001 


0.33 ±0.02 
0.20 ±0.02 
0.26 ±0.02 


0.0233 ±1.7-10 -4 
0.0464 ±2.8- 10~ 4 
0.0253 ±1.5- l(r 4 


0.0150 ±1.4-10 -4 
0.0428 ±2.7-10^ 
0.0176 ±1.2-10^ 



a The galaxy fraction is calculated with respect to the total galaxy number of the LG sample (81,323 galaxies). The value in parentheses is the 
number of galaxies for a given selection (see Table[3j. 

k The slope (m) and normalization («) of the linear color-magnitude relation (g' -r') = n+mr' and its la errors; we fit the CM relation using absolute 
Petrosian magnitudes for all of the Luminous Galaxy samples (see jj2.4| for details). 

c The observed scatter in color and its error; we use the Median Absolute Deviation (MAD) to characterize the color scatter and calculate its error 
using the bootstrap resampling method fEfronl 19791) . 
The intrinsic scatter in color and its error (see j j2.4| for details). 



